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Abstract In the oxygen reduction reaction (ORR), the oxy-
gen transport rate plays an important role in the ORR on the
cathode. An approach by applying magnetic fields on the
cathode can effectively improve the oxygen transport.
However, no work reports the effect of the magnetism of fer-
romagnetic catalysts on ORR under an external magnetic
field. Herein, the catalytic performances of the ferromagnetic
catalysts including Fe3O4, γ-Fe2O3, and Fe-N-C for ORR are
studied under an external magnetic field. Linear sweep
voltammetry (LSV) results indicate that the ORR current on
the cathode increases with the strength of the external mag-
netic field due to the improved oxygen transfer. Meanwhile,
the increase of the ORR current on Fe-N-C is larger than
Fe3O4 and γ-Fe2O3 since some internal tiny magnetic fields
generated by the Fe3O4 and γ-Fe2O3 catalysts are different
from the magnetic direction of the external magnet. It is also
found that the magnetic direction of the external magnet does
not have any effect on the oxygen transfer.
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Introduction
The sluggish heterogeneous catalysis-oxygen reduction reac-
tion is the main challenge for practical applications in
fuel cells and metal-air batteries [1]. The efficiency of ORR
depends on not only the catalytic activity of cathode catalysts
but also the oxygen transport rate that is affected by the pres-
ence of water. Among various cathode catalysts, Pt-based ma-
terials are known as the most promising ORR electrocatalysts,
but their large-scale application was constrained by their scar-
city, prohibitive cost, and limited durability of noble metals [2,
3]. Therefore, a concerted effort has been devoted to develop
low-cost ORR catalysts with competitive activity and durabil-
ity, such as transition metal oxides, Fe3O4 [4], MnO2 [5],
and metal-free carbon catalysts [6].
At the same time, some researchers paid attention to the
approaches of improving the oxygen transfer rate on the cath-
ode, such as the reactor design and operating conditions, and
further enhance the performance of the cathode [7, 8]. Among
these approaches, applying magnetic fields on the cathode
was found to be an effective way to improve the oxygen trans-
fer rate [9]. In 2001, Wakayama’s group reported that the
electrochemical flux was enhanced when a magnet field was
applied to Pt/C cathode by setting a permanent magnet
behind it and oxygen gas was supplied toward a strong mag-
netic field, and the ORR current increased with the strength of
the magnetic field [10, 11]. Furthermore, Wakayama’s group
also reported that the main mechanism is that the Kelvin
(magnetic) force promotes the transfer of paramagnetic oxy-
gen molecular in the cathode of a fuel cell system [12–14]. As
expected, an extended Pt electrode which has its own embed-
ded permanent magnets exhibits good catalytic activity to-
ward ORR. It was reported that the ORR current in an alkaline
medium increased by a factor of three when the electrode was
in a magnetized state [15].
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In addition, the internal tiny magnetic fields of ferromag-
netic catalysts can also be applied to fuel cells to affect the
discharge performance on the cathode. Shi et al. reported that,
at a low Fe3O4/polyaniline load density on the cathode elec-
trode in a zinc air fuel cell, the tiny magnetic field can promote
oxygen transfer, increase the electric double-layer capaci-
tance, lower the charge transfer resistance, and improve the
discharge performance. But, when the load density is higher
than 7.11 mg cm−2, the internal tiny magnetic fields inhibit
oxygen transfer because of the interactions between the dif-
ferent magnetic poles [16]. Zeng et al. reported that the ferro-
magnetic PtFe/C catalyst for ORR outperformed the paramag-
netic PtFe/C catalyst due to the magnetic force generated by
catalyst particles [17]. However, under an external magnetic
field, the effect of the strength of the internal tiny magnetic
field of ferromagnetic catalysts on the catalytic activity toward
ORR was not investigated in these above-mentioned reports.
Herein, we aim to investigate the effect of the magnetism of
ferromagnetic catalysts on its catalytic activity toward ORR
under an external magnetic field. The effect of the direction of
the external magnetic field was also studied.
Experimental
Preparation of catalysts
Fe3O4 and γ-Fe2O3 were purchased from Daoking Company,
Beijing (AR.) and used as received from supplierswithout any
further treatment. N, Fe-doped Vulcan carbon XC-72 catalyst
(Fe-N-C) was prepared according to our previous work
[18]. The detailed procedure was as follows: 100 mg of pep-
tone (CP. Fuchen Co., Tianjin, China) was ultrasonically dis-
solved in 5 mL of ultra-pure water in a 100-mL flask, into
which 10 mg of Fe(NO3)3·9H2O (AR. Kaixin Co., Tianjin,
China) was added with stirring. One hundred milligrams of
Vulcan XC-72 carbon black (AR. Carbot Corp.) was dis-
persed into the above solution with stirring, followed by dry-
ing at 70 °C. The dried sample was heated under N2 flow at
800 °C for 2 h and then cooled down. The resulting powder
was immersed in HNO3 solution (2 mol L
−1) for 24 h with
stirring to remove unstable Fe species, then washed with de-
ionized water until the pH of the filtrate was neutral and finally
dried at 60 °C for 12 h. The Fe-N-C was obtained.
Physical characterization
X-ray diffraction (XRD) patterns were obtained on a
Shimadzu XD-3A (Japan), using filtered Cu-Kα radiation
(40 kV, 30mA). Scanning electronmicroscopy (SEM) images
were obtained on a Carl Zeiss Ultra Plus. Magnetization loops
were measured using vibrating sample magnetometry (VSM),
on a MicroSense EV9 measurement system. The N2 sorption
isotherm was performed on a Quanta-chrome Autosorb-1 vol-
umetric analyzer.
Electrochemical characterization
The electrochemical measurements were performed using an
electrochemical workstation (CHI650). A common three-
electrode electrochemical cell was used for measurements.
The counter and reference electrodes used were a platinum
wire and an Ag/AgCl (saturated KCl solution) electrode, re-
spectively. The working electrode was a glassy carbon disk
(5 mm in diameter). The thin-film electrode was prepared as
follows: 2 mg of catalyst and 1mg of XC-72 vulcan carbon (to
improve the conductivity of the catalyst film) were dispersed
ultrasonically in 0.4 mL Nafion/ethanol (0.25 % Nafion) so-
lution, and 8 μL of the above solution was pipetted on the
glassy carbon surface and dried at room temperature. Prior to
the electrode activation, the electrolyte was degassed with
nitrogen. Thereafter, the working electrode was activated by
cycling in 0.1 mol L−1 KOH electrolyte between 0 and 1 Vat a
scan rate of 50 mV s−1 until a reproducible voltammogram
response was obtained. The electrolyte was then saturated
with pure oxygen and oxygen flow was maintained during
experiments of ORR testing. All currents were normalized
by the geometric area of the electrode (0.196 cm2). All poten-
tials initially measured versus the Ag/AgCl electrode were
converted to the reversible hydrogen electrode (RHE).
The prepared three-electrode system was settled in a mag-
netic field produced by a homemade direct-current solenoid
(Fig. 1). The magnetic strength of 0.19, 0.37, or 0.56 T can be
applied to the three-electrode system according to the follow-
ing equation:




where B is the magnetic strength, μ0 is the vacuum permeabil-
ity, I is the current intensity, and n/L is the number of turns per
length. The magnetic field is generated by a solenoid coil. In
order to keep the temperature at 25 °C, the three-electrode cell
Fig. 1 Photograph of a homemade direct-current solenoid
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was wrapped by a water pipe, and water at a temperature of
25 °C flows through it during the experiment.
Results and discussion
The crystal structures of the purchased Fe3O4, γ-Fe2O3, and
as-prepared Fe-N-C samples were characterized by XRD. As
shown in Fig. 2a, the diffraction pattern of the planes (111),
(220), (311), (222), (400), (422), (511), and (440) at 2θ values
of 18.1°, 29.9°, 35.3°, 37.0°, 42.9°, 53.3°, 56.8°, and 62.4°,
respectively, proves the presence of Fe3O4 [19]. Its average
crystallite size calculated through the Scherrer formula [20] of
the (311) plane is about 250 nm. In the case of γ-Fe2O3
(Fig. 2b), the peaks at 18.1°, 30.2°, 35.6°, 37.2°, 43.2°,
53.6°, 57.3°, and 62.9° are the typical diffraction pattern of
γ-Fe2O3 [21]. The estimated crystallite size of γ-Fe2O3 is
20 nm. The Fe-N-C sample in Fig. 2c exhibits two peaks at
about 24.4° and 42.8°, which could be ascribed to the (002)
and (101) plane of the graphitic structure [22].
SEM images of Fe3O4, γ-Fe2O3, and Fe-N-C are present in
Fig. 2d-f. As seen in Fig. 2d, Fe3O4 mostly consists of octa-
hedral particles, and there is also a small amount of irregular
polyhedron particles in the SEM image. Its size ranges from
150 to 400 nm. The SEM image in Fig. 2e reveals γ-Fe2O3
particles have a sphere-like morphology, and the size of the
spheres is ca. 20 nm. The Fe-N-C sample displays clusters of
carbon spheres, which is similar to our previous report [18].
The porous structures of Fe3O4, γ-Fe2O3, XC-72, and Fe-
N-C were studied by nitrogen sorption isotherm and presented
in Fig. 3. For Fe3O4, the adsorbed N2 volume is very little,
implying there are very little pores that existed in the bulk
Fe3O4. The curve of γ-Fe2O3 shows a loop at high relative
pressure, suggesting mesopores existed in the γ-Fe2O3 struc-
ture [23]. Both XC-72 and Fe-N-C exhibit the representative
type II nitrogen isotherm curve, which is related to the micro-
pore structure [18]. The pore size distribution is shown in the
inset of Fig. 3. Micro- and mesopores are found in the struc-
ture of γ-Fe2O3, XC-72, and Fe-N-C.
Magnetic hysteresis (M-H) loops of the three samples were
measured at room temperature, and the data are presented in
Fig. 4. As shown in Fig. 4, three samples have ferromagnetic
property at room temperature. The value of saturation magne-
tization (Ms) is 86.3, 68.5, and 0.78 emu g
−1 for Fe3O4, γ-
Fe2O3, and Fe-N-C, respectively.
Okada et al. found that a rotating working electrode elim-
inates the oxygen diffusion barrier in solution and thus en-
hances the effect of the magnetic field more than on a
stationary electrode in an electrochemical cell [11].
Therefore, in this work, the catalysts loaded on the rotating
Fig. 2 XRD patterns of Fe3O4 (a), γ-Fe2O3 (b), and Fe-N-C (c); SEM images of Fe3O4 (d), γ-Fe2O3 (e), and Fe-N-C (f)
Fig. 3 N2 isotherms and the corresponding pore size distribution (inset)
of Fe3O4, γ-Fe2O3, XC-72, and Fe-N-C
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disk electrode were used as a working electrode. Figure 5
shows the cyclic voltammograms (CVs) of Fe3O4 (a), γ-
Fe2O3 (b), and Fe-N-C electrodes, which were measured in a
N2- or O2-saturated 0.1 mol L
−1 KOH solution at a scan
rate of 50 mV s−1 with and without the external magnetic
field. For the all three catalysts, CVs in the potential
range from −1.0 to +0.2 Vexhibited similar featureless curves.
With the presence of N2 atmosphere, no obvious redox peaks
Fig. 4 Magnetic hysteresis loops
of Fe3O4 (a), γ-Fe2O3 (b), and
Fe-N-C (c). The corresponding
inset shows a magnification of the
hysteresis loop near zero fields
Fig. 5 Cyclic voltammograms of
Fe3O4/C (a), γ-Fe2O3/C (b), and
Fe-N-C (c) at a potential scan rate
of 50 mV s−1; electrolyte:
0.1 mol L−1 KOH; black solid
lines the electrolyte saturated with
N2 and without the presence of
the external magnetic field; red
dashed lines the electrolyte
saturated with O2 and without the
presence of the external magnetic
field; blue dotted lines the
electrolyte saturated with O2 and
with the presence of the external
magnetic field; magnetic field
B = 0.56 T
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appear on the Fe3O4/C and Fe-N-C electrode (curves a, c),
while redox peaks from −0.035 V to ca. +0.4 V were found
on the γ-Fe2O3/C electrode, which could be related to the
Fe(III)/Fe(II) redox system [19]. In addition, the capacitive
currents of the γ-Fe2O3/C and Fe-N-C electrodes are much
higher than that of the Fe3O4/C electrode, since there is no
non-porous structure in Fe3O4.
When the solution was saturated with O2, the three elec-
trodes showed a substantial oxygen reduction process.
Herein, we only focus on the effect of the external magnet-
ic field on the ORR activities. It was found that no obvious
change of the onset potential for the three catalysts was
observed when the external magnetic field was applied
on the testing system. However, the currents of ORR for
the three catalysts are enhanced with the presence of the
external magnetic field. The results show that there is a
clear promotion effect of the external magnetic field on
the ORR activity, which is the same as other reports
[9–11, 15]. This is caused by the Kelvin (magnetic) force
which can promote the transfer of paramagnetic oxygen
molecular, leading to the enhancement of the ORR current
[12–14]. It is also found that the increased range of the
three catalysts is not same. Here, the increase of the ORR
currents related to the original ORR current at −0.4 V is
compared for three samples. The increase of the ORR cur-
rent is 21.8, 22.7, and 26.3 % for Fe3O4, γ-Fe2O3, and Fe-
N-C, respectively. The difference of the increase of ORR
currents suggests that the transfer of paramagnetic oxygen
molecular under the same magnetic field is not the same
for these three catalysts. A similar phenomenon was also
reported by Monzon et al. [24]. However, the authors did
not explain why this phenomenon occurs. To further study
Fig. 6 LSVof Fe3O4 (a), γ-
Fe2O3 (b), and Fe-N-C (c) in O2-
saturated 0.1 mol L−1 KOH
electrolyte at a scan rate of
5 mV s−1 and rotation rate of
1600 rpm under the different
external magnetic fields and the
corresponding increased range of
the ORR current at −0.4 V vs.
Ag/AgCl of Fe3O4 (e), γ-Fe2O3
(f), and Fe-N-C (g)
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the phenomenon, linear sweep voltammetry under
he different strength of the external magnetic field was
carried out.
Figure 6 shows LSVs of Fe3O4, γ-Fe2O3, and Fe-N-C(c) in
O2-saturated 0.1 mol L
−1 KOH electrolyte at a scan rate of
5 mV s−1 with a rotation rate of 1600 rpm, and the correspond-
ing increased ORR current at −0.4 V (vs. Ag/AgCl) for Fe3O4
(d), γ-Fe2O3 (e), and Fe-N-C (f) under different external mag-
netic fields. It shows that the ORR currents of the three cata-
lysts increase with the strength of the external magnetic field.
The high external magnetic field leads to the strong Kelvin
(magnetic) force, which can facilitate the transfer of oxygen
molecular, resulting in the higher ORR current. Meanwhile,
the increased values of the ORR current are different among
the three catalysts, which is similar to the results of CVs. The
currents vs. strength of the external magnetic field was plotted
in histograms shown in Fig. 6. It can be seen that the increased
value of the ORR current under the same external magnetic
field is different with each other on these three catalysts. For
example, in the case of Fe3O4, the ORR current at 0.19 T
increased by 1.6 %, while it is 2.5 and 7.7 % for γ-Fe2O3
and Fe-N-C, respectively. After comparing these values, the
increased ORR currents of these three catalysts follow the
order: Fe3O4 < γ-Fe2O3 < Fe-N-C.
Fig. 7 Influence of the internal
tiny magnetic field on O2 transfer
under the external magnetic field
Fig. 8 LSVs of Fe3O4 (a), γ-
Fe2O3 (b), and Fe-N-C (c) in O2-
saturated 0.1 mol L−1 KOH
electrolyte at a scan rate of
5 mV s−1 and rotation rate of
1600 rpm under the external
magnetic field (B = 0.37 T) with
the opposite direction; black line
the direction of the external
magnetic field is the same as that
used for the previous CVs in
Fig. 3 and LSVs in Fig. 5; red line
the direction of the external
magnetic field is opposite to that
of the black line
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In the previous reports, the results showed that the internal
tiny magnetic field of ferromagnetic catalysts can affect the
catalytic performance of the cathode ferromagnetic catalysts
[16, 17]. However, Shi et al. pointed out that, when the Fe3O4/
polyaniline load density on the cathode electrode in a zinc air
fuel cell is high at 7.11 mg cm−2, the tiny internal magnetic
field can also inhibit oxygen transfer because of the interac-
tions between the different magnetic poles [16]. The result
implies that the influence of the tiny internal magnetic field
on the catalytic performance for a cathode catalyst is a balance
of these opposing factors. In this work, the three catalysts have
different saturation magnetizations. When the strength of the
applied external magnetic field is larger than the saturation
magnetization of Fe-N-C, Fe-N-C is fully magnetically satu-
rated, implying all the tiny magnetic poles in Fe-N-C point to
the same direction as the external magnetic field (as illustrated
in Fig. 7a). However, for Fe3O4 and γ-Fe2O3, due to their high
saturation magnetization, the strength of the applied external
magnetic field is lower than their saturation magnetization (as
illustrated in Fig. 7b), and then, there are some tiny magnets in
Fe3O4 and γ-Fe2O3 samples, whose magnetic pole directions
are different from that of the external magnetic field.When the
external magnetic field was applied, the transfer of the para-
magnetic oxygen molecule is promoted by the magnetic force
represented by the short arrows shown in Fig. 7, leading to the
increase of the ORR current in the Fe-N-C catalyst. However,
in the case of Fe3O4 and γ-Fe2O3, some tiny magnets with
different pole directions can inhibit the oxygen transfer owing
to the interactions of the different magnetic poles between the
paramagnetic oxygen molecules and the tiny internal magnetic
fields. Thus, the presence of some tiny internal magnetic fields
with different magnetic pole directions weakens the magnetic
force of the external magnetic field. This may be the reason
why the increased ORR currents for Fe3O4 and γ-Fe2O3 are
lower than that of Fe-N-C. In addition, the saturation magne-
tization of Fe3O4 is larger than that of γ-Fe2O3. Under the
same external magnetic field, the tiny magnetic poles in
Fe3O4 with the different magnet pole directions strongly
weaken the magnetic force compared to that of γ-Fe2O3, lead-
ing to a relative low increased ORR current on Fe3O4 com-
pared to γ-Fe2O3. From these results, it can be seen that the
presence of the internal tiny magnetic field in the ferromag-
netic catalysts with the different magnet pole directions would
lessen the oxygen transfer when the strength of the applied
external magnetic field is lower than the saturation
magnetization.
In addition, the porosity of the catalysts may play an im-
portant role in improving the catalytic activity. When the ex-
ternal magnetic field was applied, the transfer of the oxygen
molecule is promoted by the magnetic force. The oxygen
molecules can reach the internal electroactive sites on the cat-
alysts through the pore tunnels. For γ-Fe2O3 and Fe-N-C, the
porous structure facilitates the transfer of the oxygenmolecule
inside the electrodes, leading to the enhanced electroactive
area of the catalysis. Thus, the increase of the ORR current
on the γ-Fe2O3 and Fe-N-C is quite obvious when compared
to the Fe3O4 electrode, after the external magnetic field was
applied.
The effect of the direction of the external magnetic
field was also studied, which was controlled by changing
the input current. The obtained results are shown in
Fig. 8, which show that the directions of the external
magnetic field do not have any effect on the ORR current,
because of the paramagnetic property of the oxygen
moleculars.
Conclusion
In this study, the ferromagnetic catalysts (including Fe3O4, γ-
Fe2O3, and Fe-N-C) for ORR were studied under the external
magnetic fields. It was found that the magnetic force generat-
ed by the external magnetic field can facilitate the oxygen
transfer, leading to the enhancement of the ORR current on
the cathode; moreover, the ORR current on the cathode in-
creases with the strength of the external magnetic field. The
internal tiny magnetic field in the ferromagnetic catalysts
would lessen the oxygen transfer when the applied external
magnetic field is lower than the saturation magnetization of
the ferromagnetic catalysts. It was also found that the direction
of the external magnetic field does not affect the O2 transfer
due to the paramagnetic property of the oxygen moleculars.
The use of external magnets provides a new measure to im-
prove the ORR performance for fuel cells.
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